This paper proposes the use of a transmitter based on a linear amplification with nonlinear components (LINC) architecture, in which the reconfigurable matching networks (RMNs) are included. By varying the RMN active cell number, it is possible to change the load impedance at the power amplifier (PA) output, improving the amplifier drain efficiency and therefore the efficiency of the whole system. A long-term evolution (LTE) downlink signal with a bandwidth of 1.4 MHz and a peak-to-average power ratio (PAPR) of 11.48 dB is applied in order to carry out the experiments. Results show that the use of the RMNs in a LINC architecture improves the efficiency at all tested frequencies, especially at 927 MHz reaching an enhancement of 36.50%. Regarding the distortion, the adjacent channel leakage ratio (ACLR) values increase in all cases, with an improvement of 3.5 dB at 958 MHz. Finally, in terms of error vector magnitude (EVM), the proposed architecture offers a value of 1.96% at 927 MHz.
Introduction
The efficiency-linearity trade-off is a very challenging aspect in the design of radiofrequency (RF) front-ends in modern communication systems [1, 2] . Many techniques have been proposed to improve the efficiency of the power stages in the wireless RF front-ends, such as Doherty amplifiers [3] , envelope tracking [4] , or linear amplification with nonlinear components (LINC) [5] [6] [7] . The first one uses an active output impedance load-pulling, increasing the efficiency without compromising the maximum output power. The envelope tracking technique may enable the RF power amplifier (PA) to be operated continuously in the compression region, obtaining an improvement in the power efficiency. The LINC technique can achieve linear amplification while using very nonlinear and power-efficient amplifiers by means of two-phase modulated signals with a constant envelope.
Reconfigurable matching networks (RMNs) are used for improving PA efficiency and frequency reconfigurability *Correspondence: cmperez@unizar.es Department of Electronic Engineering and Communications, Aragon Institute of Engineering Research (I3A), University of Zaragoza, Mariano Esquillor, 50018 Zaragoza, Spain and changing load impedance. This is the approach of dynamic load modulation (DLM) [8] . Recently, some papers have been published using varactor-based matching networks. They offer very promising outcomes in transmitter efficiency enhancements [9] . In this work, we propose the use of a transmitter based on a LINC architecture, in which the RMNs are included to improve the efficiency. The setup uses two RMNs which are placed between the PA output and the combiner input so as to enhance the PA efficiency and, therefore, the efficiency of the whole system. This paper is organized as follows. Section 2 presents the LINC architecture as well as the fundamentals of RMNs and their integration in the system. Experimental results are shown in Section 3, and finally, conclusions are stated in Section 4.
RMN-LINC architecture
The classical LINC amplification scheme decomposes a varying envelope signal s(t) into two constant envelope signals.
These signals s 1 (t) and s 2 (t) can be obtained according to the following equation
where e(t) is given by e(t) = (r 2 max /r(t) 2 ) − 1 and r max and r(t) represent the maximum and instantaneous s(t) magnitude values, respectively.
The efficiency strongly depends on the envelope signal probability density function (PDF), but LINC waveforms are constant envelope signals, simplifying considerably the efficiency analysis (drain efficiency and averaged drain efficiency agree). The impact of the isolated combiner on the overall transmitter efficiency has not been taken into account in this work, but its main effects are summarized in [10] .
The PA drain and combiner efficiencies are defined as
with m = 1, 2 the paths, V DD and I DD are the voltage and current consumption by the PA, respectively, and the P (m) RF is the output power. P RF out is the combiner output power, and P
RF and P (2) RF are the input power in both branches. From (3), the efficiency of the whole system is
According to [11] , there is an optimum load impedance that maximizes efficiency for each frequency. A wideband PA, for example, cannot guarantee for each frequency that the optimum load pull impedance is presented to the transistor drain, and consequently, some efficiency is lost in such designs. If the RMN is added to the classical LINC structure (see Fig. 1 ), the transistor can be theoretically accurately loaded, which increases PA efficiency.
In order to get some insight about how the RMNs may achieve this impedance, we model the RMNs and the combiner as linear networks so that the S-parameter approach can be valid. Additional simplifications stem from the fact that the combiner is matched to the antenna to Z 0 ; although if this condition was not fulfilled, the following analysis would be still valid. Each RMN is modeled by an S-parameter network which can electronically be tuned depending on the RMN design, namely discrete (with switches for example) or continuous (mainly with varactors). In this work, we focus on discrete RMNs because it is easier to control the network by means of digital platforms based on field programmable gate array (FPGAs) for example, and control algorithms are out of the scope of the article. To compute the input and output reflection coefficients presented to each PA at certain states k i and k q and frequency, the RMNs in each branch are modeled with the S-parameter matrices σ and ρ as
Although the combiner is a three-port device, it is perfectly described by means of two-port matrix once the third port is properly loaded. If it is symmetrical and reciprocal
where α are the reflection coefficients in the ports connected to the RMNs and δ models their isolation. In an isolated matched combiner α ≈ 0 and δ ≈ 0. Combining the two networks using S-parameters S (A) and S (B) ,
the total scattering matrix corresponding to a RMN with a fixed state (in the following, the index k is omitted due to simplicity reasons) and the combiner is If the RMNs are reciprocal, which is usually fulfilled, σ 12 = σ 21 , and after some algebraic simplifications,
where F(δ) is a factor which depends on the combiner isolation,
At this point, let us notice that δ 2 is really small, as δ ≈ 0. Therefore, (10) can be safely approximated as S TOTAL 11 which is equivalent to say that both branches are nearly independent. This is important because it allows the RMN input impedance not only to be calculated neglecting the PA load in the other branch but also to individually perform an approximation to the optimum state in each branch. In terms of matching domain and recovering the state index k i , the capability of the RMN approach is summarized in
Simplifying,
where P(·), Q(·) are functions of the S-parameter matrix elements. Equation (14) suggests that the matching domain does not depend simply on the RMN but also on the combiner. However, this dependence should be a second-order effect, as the combiner is supposed to be well matched. Figure 2 shows the RMN circuit which is used in this work and whose design details are described in [12] . It consists of an eight-cell structure composed by inductors and capacitors. There is a PIN diode in each cell which is used as a switch element SWi, with i = 1, ..., 8. A bias circuit controls every switch avoiding RF signal leakage and blocking DC bias. A FPGA supplies ±5 V to each cell depending on the RMN state. Thus, the total RMN consumption is the sum of every individual active cell consumption. The RMN is a discrete topology, and it is a possible candidate for the RMN-LINC architecture, but a continuous RMN based on varactors could also be feasible. Figure 3 shows the improvement in drain efficiency that this circuit provides depending on the RMN state.
The RMN-LINC architecture can achieve higher efficiencies either because of a higher RF output power (keeping power consumption) or a reduction in DC power with the same RF output power. Both factors depend on the selected RMN state. However, the RMN requires its own power to operate (the greater the number of active switches, the larger the RMN consumption). 
, (15) with m = 1, 2 the paths, k m ∈ [ 0, 255] the RMN state, and P DC_PA and P DC_RMN the DC consumption of the PA and the RMN, respectively. Without loss of generality, the k m coefficient is omitted to simplify equations. The efficiency of the whole system is
Experimental results and discussion

Proposed setup
The proposed test setup schematic is shown in Fig. 4a . The signals s 1 and s 2 are generated using two arbitrary waveform generators (Agilent E4438C), which are synchronized and adjusted in gain and phase in order to ensure a free impairment setup. A LTE downlink signal (OFDM modulation with quadrature phase-shift keying (QPSK) subcarriers), with a bandwidth of 1.4 MHz and a PAPR of 11.48 dB is decomposed into the LINC signals in order to carry out the experiments. Due to the bandwidth expansion suffered by the components s 1 and s 2 in a LINC architecture [13] , these signals have a bandwidth larger than that of the original signal s(t). The operating frequencies 927, 942, and 958 MHz are within the band 8 (downlink) of the long-term evolution (LTE) standard. Two amplifiers are used as drivers (MiniCircuits ZHL-2-8). The devices under test (DUT) are two-class AB amplifiers based on a GaN HEMT transistor (CREE CGH40006P) with a gain of 15 dB, which feed the RMNs inputs. The amplified signals are then combined by means of a 3 dB hybrid isolated combiner (MiniCircuits ZFSC-2-2500), and the recomposed signals are captured with an oscilloscope (Infiniium DSO90804A). The RMN and the DUT consumption are provided by the power supply (Rohde-Schwarz HMC 8043). Figure 4b shows the DUTs, the RMN prototypes, and the combiner. 
Optimization algorithm and measurements results
Mathematically, the optimum of the following cost function, which is real-time evaluation and comes out from Eq. (15), is found by brute-force with a total time of about 2 × N states × (t on + t proc ), being the t on the time to switch on one PIN diode and t proc the time to process efficiency and update the maximum, provided gray state coding is used,
where P in is the PA input power. The optimization process yields to a series of optimum states which fulfill
However, it can be surely improved applying methods which are already introduced in the literature [14, 15] , where optimization techniques such as genetic algorithms or simplex methods are applied to RMNs in amplifier or antenna scenarios. In addition, it can also be possible to pre-calibrate the system in-house, for different operating conditions or frequency bands, and to save the optimum states in a LUT.
The comparison between η (1) PA + RMN (k 1 , P in ) and PA drain efficiency without the RMN (Fig. 3) allows to obtain a preliminary glimpse on a suitable input power (29 dBm in this work) in order to maximize efficiency with the RMN at a certain frequency. Despite theoretically both branches should be identical and consequently the RMN states, the final optimum results (Table 1) are different mainly because of the practical PA and RMN impairments (see Fig. 5 ).
In order to understand why these states maximize the cost function, coverage, consumption, and losses have been analyzed. RMN coverage at 942 MHz with the state which offers the best drain efficiency and the RMN power consumption are plotted in Fig. 6 . The optimum state is not that which minimizes the RMN consumption because RF power is not maximized in such a case. Table 1 additionally presents not only ohmic losses (L ) but also a set of transducer gain values which can be achieved for every path (GT 1 and GT 2 ) [16] . The final estimated insertion losses (IL 1 and IL 2 ) are set by the PA output load, but the ohmic losses are rather low. Anyway, the optimum state is a trade-off between losses and load pull, as the power consumption plays here an important role. Table 2 presents a comparative overview between the classical LINC and the proposed RMN-LINC architecture, taking the RMNs consumption into account. As a figure-of-merit, the improvement in the drain efficiency is defined as eff(%) = 100 · eff with_RMN − eff without_RMN eff without_RMN (19) Results show that it is possible to reach an enhancement with the RMNs in all cases, especially at 927 MHz with an improvement of 36.50%, reaching an averaged drain efficiency of 42.63%.
The EVM (error vector magnitude) has been measured, and the adjacent channel leakage ratio (ACLR) has been estimated according to the standard to ensure the signal does not suffer distortions. Firstly, Fig. 7 shows the normalized power spectral density (NPSD) corresponding to the input and output signals, with and without the RMNs at 942 MHz. The transmitted waveforms meet the standard requirements, constrained by the 1.4 MHz bandwidth LTE standard mask [17] . Finally, the constellation of the recomposed signals (Fig. 8) without (a) and with the RMN (b) at 927 MHz shows the EVM has experimented an improvement (1.96%).
Conclusions
In this paper, an enhanced classical LINC architecture based on RMNs has been presented proving successfully that their use can increase the transmitter efficiency. A novel analysis describes in terms of scattering parameters the effects of the RMNs in the LINC architecture. The comparison between both setups (with and without the RMNs) has been carried out in terms of the averaged drain efficiency at several frequencies, using a 1.4 MHz QPSK LTE signal. The RMN-LINC can provide not only better efficiency but also good linearity, as the ACLR values and the EVM analysis show.
